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RESULTSOFSPACESHUTTLEORBITER(MODEL70-0)
LATEENTRYRCSYAWJET EFFECTSTESTSIN THE

NASA-LANGLEYRESEARCHCENTERUNITARYPLANAND
16-FOOTWINDTUNNELS(0A255AND0A256)

by

J. Marroqu!n

ABSTRACT

Wind tunnel tests were performed in the NASA/LangleyResearchCenter

Unitary Plan (0A255) and 16-foot Transonic (0A256) Wind Tunnels (using

_odel 70-0, a 0.0125-scale replica of the SSVOrbiter), to obtain

detailed effects of RCSjet flow on the supersonic stability and control

characteristics of the SpaceShuttle Orbiter. Three of the four side

firing thrusters on the left-hand OMSpod were "fired" using high-

pressure nitrogen to simulate thruster propellant. The RCSpod contain-

ing these three simulated thrusters, plus nine "dummy"thrusters, was

attached to the orbiter for "metric" testing, and attached to the model

support system for "non-metric" testing. A flow-thru balance was used

to support the model, record orbiter and RCSforces and the delivery of

high-pressure nitrogen to the model during the metric portion of the

test. A standard 6-componentbalance was used to support the model and

measureorbiter forces and RCSjet influence on the orbiter during the

non-metric portion of the test.

Test 0A255was conducted at Machnumbersfrom 1.6 to 4.5. Test OA256

was conducted at Machnumbersfrom 0.6 to 1.3. Data from test 0A256

are not presented due to the data scatter being larger than the RCS

increments being measured.
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SYMBOL

AE

B

b

c

CA

C£

C£
R

Cn

c%
C

m

CN

Cy

CYR

AC_

AC
n

ACy

_e

8
SB

Pt o

MNEMONIC

ALPHA

BETA

BREF

LREF

CA

CBL

CBLR

CYN

CYNR

CLM

CN

CY

CYR

DLTCBL

DLTCYN

DLTCY

ELEVON

SPDBRK

He

NOMENCLATURE

DEFINITION

RCS thruster exit area, 0.01470 in 2

Model angle on attack, dog.

Model angle of sideslip, deg.

Reference length for yawing and rolling

moment coefficients, = wing span, b = 11.708 in.

Reference length for pitching moment coefficient,

£REF = wing mean aerodynamic chord, _ = 5.935 in.

Total axial force coefficient

Rolling moment coefficient

Rolling moment (with RCS thrust) coefficlen_

Yawing moment coefficient

Yawing moment (with RCS thrust) coefficient

Pitching moment coefficient

Normal force coefficient

Side Force Coefficient

Side Force (with RCS thrust) coefficient

Incremental rolling moment coefficient;

(C£jet on - C£jet off )

Incremental yawing moment coefficient;

(Cnjet on - Cnjet off )

Incremental side force coefficient;

(Cyjet on - Cyjet off )

Elevon deflection angle, positive T.E. down, deg.

Speed brake deflection angle, total included

angle, dog.

Stagnation pressure, psf



SYMBOL

KMD i

KTH.
l

£B

M_

mj

_/mfs

P_

Pf

Pb (x)

PcI'Pc 2

Pc5,Pc 6

PC5 c

qoo

RN

SW

TT o

Tf

MNEMONIC

m

MACH

M-DOT

MJ/MFS

MF%MFS

MRC

P-INF, PI

PSF

PB(X)

PCI, PC2

PC5, PC6

PC5C

Q-INF

RN/L

RCS

SREF

T-INF

TSTAG

TFM

NOMENCLATURE (Continued)

DEFINITION

Mass flow parameter for (i) RCS thrust

(i)RCS nozzle thrust calibration factor

Model length, 16.129 in.

FreestreamMach number

Total mass flow thru the RCS thrusters, #/sec.

Mass flow ratio of jets (mj) to freestream

(mrs)

MF/MFS x i00 (for plotting purposes)

Moment reference center

Freestream static pressure, psia

Flow meter static pressure, psia

Orbiter base pressure at location (X),

X= i thru 6, psia (see Fig. 2(d))

Orbiter balance cavity pressures, psia

RCS plenum ehamber pressures, psia

(non-metric configuration)

RCS plenum chamber pressure, psia (metric

configuration; pc 5 corrected for pressure
drop thru the model)

Freestream dynamic pressure, psia

Freestream until Reynolds Number, per foot

Reaction control system

Reference wing area, 60.525 in 2

Freestream static temperature, °F

Tunnel stagnation temperature, OF

(OR for test section I data)

Flow meter temperature, OR

i0



NOMENCIA_JRE(Concluded)

SYMBOL

X

Y

Z

MENMONIC

XMRP

YMRP

ZMRP

DEFINITION

Longitudinal (X), lateral (Y), and vertical (Z)

location of moment reference point,
XMRP = 13.4587 inches

YM_2 = 0.0

ZMRP = 4.6875 inches

ii



INTRODUCTION

Flight control system requirements for STS-I define a need for use of the

RCSyaw jets down to M = 1.0 during re-entry. Theexisting(pre-STS-l)

data base wasderived from M = 2.5 and 4.5 data with extrapolations to the

lower Machnumbers. Therefore this series of wind tunnel tests was per-

formed to verify the existing RCSjet interaction data base at Machnumbers

from 1.0 to 5.0 and to substantiate the assumption that the RCSjet inter-

action parameters are a function of mass-flow ratio and angle of attack

only at these Machnumbers.

The SpaceShuttle Orbiter Model (70-0) used for this test was a scale

reproduction of the preliminary OVI02 lines and was supported by a sting

through the model base. The RCSpod on the left-hand OMSpod was capable

of being attached either to the orbiter (metric) or to the sting (non-metrlc).

Test 0A255obtained data at Machnumbersfrom 1.6 to 4.5 in the NASA/

Langley Unitary Plan Wind Tunnel (Legs i & 2). Tests were performed in

Leg 1 at M = 1.6 and 2.0 on the non-metric configuration only and in Leg 2

at M = 2.5, 3.5 and 4.5 on both the metric and non-metric configurations.

Test 0A256 was conducted in the NASA/Langley 16-foot Transonic Wind Tunnel

to obtain data at M = 0.6 to 1.3 with the non-metric configuration.

Besides investigating the effects of RCS thrusters, this test also investi-

gated the effect of increased-thickness TPS on the elevon trailing edge.

12



REMARKS

Wind tunnel tests of RCSjet models can be conducted with either metric

or non-metric jet nozzles. Whenthe jets are metric, they are attached

to the base model and the model balance measuresthe jet thrust, the jet/

aerodynamic interactions and the basic aerodynamic induced loads on the

model. Whenthe jets are non-metric, the jets are attached to the model

support and the balance measuresonly the jet/aerodynamic interactions

and aerodynamic induced loads on the orbiter model. The advantage of

testing with non-metric jets is that the aero interactions due to the

jets can be determined by simply subtracting jet-on from jet-off data.

The disadvantages of testing with non-metric jets are that a gap must

exist in the model between the metric and non-metrlc portions and the

aero interactions and aero loads are not measuredon the non-metric part.

Testing with metric jets allows measurementsof jet aero interactions and

aero loads on the entire model, but jet thrust must be carefully measured

and subtracted from the measuredloads. This term can be larger than

the interaction terms and so data accuracy and repeatability becomecritical.

Also this configuration required a flow-thru balance which mayhave had

large flow interaction terms which further reduced the data accuracy.

Non-metric testing constitutes the majority of these test data. Metric

data were used to verify the non-metric test methods. On test 0A255,

both methodsproduced comparableresults. On test 0A256, however, no

metric tests were performed due to balance problems. The non-metric

data had zero shifts and repeatability problems that obscured the aero

interactions and rendered the data unusable. Thesedata are, therefore,

not presented in this report.

13



CONFICUP_oTIONSINVESTIGATED

The test article was a O.0125-scale model (70-0) of the SSVOrbiter con-

figuration OVI02. A 3-view drawing of the model showing the principal

dimensions is given in Figure 2(a). Photographs of model installation

in the tunnel are shownin Figure 3.

The model, constructed of ARMCO17-4 stainless steel, was comprised of

the following parts: fuselage, canopy, wing, vertical tail, elevons, body

flap, speed brakes, main propulsion nozzles, OMSpods and RCSnozzle blocks.

Elevon deflections of 0° and -I0 °, body flap deflection of 0°, and speed-

brake deflections of 25°, 55° and 87.2° were tested.

Whenthe flow-through VTB-7 or the LaRCSS05balances were used, nitrogen

gas flowed through the balance to plenum chamberin both the

nose and aft RCSthrusters which are metric. Whenthe standard 2012

balance was used, the RCSplenumattached to the sting at the base of the

mode_and nitrogen gas was fed to the non-metric aft RCSthrusters only.

The nitrogen supply system ran internal to the sting in both arrangements

in order to simulate as muchof the orbiter base geometry as possible.

The external sting plumbingseen in Figure 3(a), 3(b) and 3(c) was base

pressure tubing and balance lead wire cable. This sameplumbing existed

for the metric testing, although not shownin Figure 3(d).

The following nomenclature was used to designate the model components:

14



CONFIGURATIONSINVESTIGATED(Concluded)

Component Definition Model Dw_.

B64 Body SS-A01357

C16 Canopy SS-A01357

E63 Elevons SS-AO1356

FI4 Body Flap SS-AO1357

M21 Orbiter Maneuvering System SS-AO1357

*N94 Main Propulsion Nozzles SS-A01357

*N95 Reaction Control System (l_d) SS-A01663

N96 Reaction Control System (Left-aft) SS-AOI670

*N97 Reaction Control System (Right-aft) SS-A01670

R21 Rudder

V23 Vertical.Tall SS-A01357

W129 Wing SS-A01356

*Not active during these tests.

Of the 118 combinations of individual reaction control (RC) thruster

maneuvers tabulated in Tablc IV, only 5 combinations were utilized in

this series of tests. They were; RCT, RCI3, RCI5, RCIIT, RCII8,

all utilizing some combination of nozzles 223, 233, 243 only. These

were the three side firing nozzles on the left aft OMS pods as shown

in Figure 2(b).

15



INSTRUMENTATION

The 0.0125 scale model 70-0 was sting-mounted through the orbiter base

and supported by one of three 6-componentbalances; the U.S. Army-owned

LTV 1.3-inch diameter VTB-7 flow-thru balance, the Langley 1.3-inch dia-

meter SS05flow-thru balance or the Langley 1.25-inch diameter #2012balance.

Pressure instrumentation consisted of 2 balance cavity measurements(only

one during non-metric testing), 6 orbiter base pressure measurementsand

2 RCSplenumchamberpressure measurements(only one during metric testing).

The six base pressure measurementlocations are shownin Figure 2(d). The

2 RCSplenummeasurementswere in the aft OMSpod plenumwhich was attached

to the sting during the non-metric testing. The one RCSplenum pressure

measurementmadeduring metric testing was in the aft OMSpod plenum and

corrected for flow through the balance by calibration constants which were

a function of nozzle configuration.

16



TESTFACILITYDESCRIPTION

The Langley Unitary Plan WindTunnel is under the direction of the High-

speed Aircraft Div. at NASA/LaRC. The tunnel is used for force, moment,

pressure-distribution, and heat-transfer studies. The test mediumis air.

Model mounting consists of various sting arrangements with axial and lateral

movement,and side-wall support. The tunnel is of the continuous-flow,

asymmetric sliding-block type. There are two test sections, Nos. I and 2,

each 4 feet square and 7 feet long. Test section one has a Machnumber

range of 1.6 to 2.0, Reynolds numberrange of .42 to 10.8 x 106/ftland

a dynamic pressure range of 83 to 1550psf. Test section two has a Mach

numberrange of 2.0 to 4.5 with a R/N range of .57 to 8.1 x 106/ft. and

a dynamic pressure range of 90 to 1075psf. Normal operating temperature

for the tunnels is = 150°F.

The NASALangley 16-foot transonic tunnel is a closed-circuit, single-return

continuous-flow, atmospheric tunnel. Speedsof up to Mach1.05 are ob-

tained with the tunnel main drive. SpeedsaboveMach1.05 are obtained

with a combination of main drive and test section plenum suction. The

slotted octagonal test section nominally measure_15.5 feet across the

flats. The test section length is 22 feet for speeds up to Mach1.0

and 8 feet for speeds above Machnumber1.0. This tunnel is used for

force, moment,pressure, and propulsion-airframe integration studies.

Model mounting consists of sting, sting-strut and fixed strut arrangements.

The 16-T has a Machnumberrange of 0.2 to 1.3, dynamic pressure range

of 57 to 905 psf and a R/N x 106/ft. range of 1.2 to 3.7.

17



DATAREDUCTION

Force and Moment Data

Standard LaRC procedures were employed to reduce data from the 6-component

LaRC #2012 balance. The balance was calibrated by the facility prior to

the test and data are presented about the reference center located at the

65% C.G. location. Data reduction constants are included in the nomen-

clature.

The flow-through balances (VTB-7 and SS05) required special procedures

for calibration and data reduction. Interactions are produced in the

data due to mass flow rate and internal pressure as well as the standard

Interactions between forces. The test facility performed the required

calibrations and applied these procedures to the output data to yield

standard 6-component data. All data are uncorrected for base and balance

cavity pressures.

At the tunnel, during metric RCS testing, data were collected with RCS

jet flow but without wind tunnel air flow for each configuration. During

data reduction these values were then substracted from the balance reading

obtained during a wind tunnel run when both jets and wind tunnel flow

were present to yield orbiter true aerodynamic force and moment data.

Both values are presented in the tabulated metric data for the lateral

directional components only, due to the fact that only the slde-firing

RCS jets were tested. Any aerodynamic coefficient data that include

RCS jet loads are Subscripted by an (R); (i.e., CBLR, CYR, CYN_). All

other aerodynamic coefficient data represent truly aerodynamla loadings.

18
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DATA REDUCTION - (Continued)

Data are presented in graphic form as incremental data. These increments

are the change in the aerodynamic coefficient due to the presence of the

RCS jet and were calculated by Chrysler's Data Management System. The

wind tunnel data were first smoothed to exact values of mass flow and

angle of attack and then the jet off (mj/_ = 0) condition data subtracted

from the jet on (mi/m_ # 0) condition data to obtain the increment.

Mass Flow Data

The mass flow rate was computed for each configuration using the following

equation;

pc 5 (or PC5c) n

, /_. KMD i

i=l

where pc 5 = Aft plenum total pressure as measured
for the non-metric configuration

PC5c = Aft plenum total pressure corrected from supply
line measured value by calibration constant

(a function of nozzle configuration) for metric case

Tf = Flow Meter Temperature, OR

KMD i = Mass Flow Constant for thruster (i)

(See below)

The mass flow rate ratio was computed from the following equation:

19



DATAREDUCTION- (Concluded)

O. O005169M_Pc5

%= ( )n_f % i \-_
_/Tf (i + Mz_ 0"O01955-O'0001021(p_Ipcs) i=!3-- ) /"

KTH i

n

where: n = number of RCS jets being fired

i = jet identification number

and calibration constants are:

Thruster

223

233

243

KTH i

1.7278 x I0-3

1.7610 x 10 -3

1.7912 x 10-3

KMD i

0.5835 x 10 -3

0.5974 x 10 -3

0.6052 x 10-3
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TEST •

TABLE l(a)

0A255 UPWT 1

TEST CONDITIONS

Non-Metric

DATE : ii-12-80

REYNOLDSNUMBER DYNAMIC PRESSURE STAGNATIONTEMPERATURE

MACHNUMBER (per unit length) (pounds/sq.inch) (degreesFahrenheit)

1.6 2.0 455

3.74 850

6.0 1365

2.0

2.5

3.5

4.5

2.0

3.74

6.0

2.0

2.0

3.74

6.00

450

840

1347

410

304

426

684

BALANCE UTILIZED:
LaRC 1.25 INCH DIA. #2012

CAPACITY:

NF 450 LB

SF 60 LB

AF 200 LB

PM 600 IN-LB

RM 30 IN-LB

lO0 IN-LB
YM

COEFFICIENT
ACCURACY: TOLERANCE:

COMMENTS:

22
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TABLE I(b)

TEST " OA255 UPWT ]

TEST CONDITIONS

MACHNUMBER

2.5

3.5

4.5

Metric

REYNOLDS NUMBER

(pe[ unit length)

2.0

3.74

3.74

DYNAMIC PRESSURE

(pounds/sq.inch)

410

766

1137

229

426

DATE • 1-15-81

STAGNATIONTEMPERATURE

(degreesFahrenheit)

BALANCEUTILIZED:

NF

SF

AF

PM

RM

YM

COMMENTS:

LaRC 1.3 INCH DIA. #SS05 FLOW T_LRU

CAPACITY:

400 I.,B:

00 LB
m

400

40.25

4O

IN-LB

IN-LB

IN-LB

ACCURACY:
COEFFICIENT
TOLERANCE:

23



TEST: 0A256

TABLE l(c)

16-T 1

TEST CONDITIONS

Non-Metric

DATE : 2-6-81

MACHNUMBER
REYNOLDSNUMBER

(per unit length)

DYNAMICPRESSURE

(pounds/sq.inch)

.6 3.41 421

.8 3.99 627

.95 4.24 753

i. i0 4.19 847

i.30 4.09 904

STAGNATIONTEMPERATURE

(degreesFahrenheit)

BALANCE UTILIZED:
LaRC 1.25 INCH DIA. #2012

CAPACITY:

NF 450 LB

SF 60 LB

AF 200 LB

PM 600 IN-LB

30 IN-LB
RM

i00 IN-LB
YM

COEFFICIENT
ACCURACY: TOLERANCE:

COMMENTS:
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(b) Orbiter Maneuver System -Left Side

Figure 2. Model Sketches (Continued)
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(c) Orbiter ?_CaneuverSystem- Right Side

Figure 2. Model Sketches (Continued)
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(d) Orbiter Base Pressure Tap Locations

Figure 2. _fodel Sketches (Concluded)
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Data Figures

Section I

Section II

Section III

Section IV

Summary Plots

Test Section i, Non-Metric

Test Section 2, Non-Metric

Test Section 2, Metric
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Section II

Test Section i, Non-Metric
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Appendix A

Tabulated Data

UPWTTest Section I, Non-Metric

Page
No.

i- 53

54-106

107-159

Dataset

ist

Char. Dependent Variables

R MJ/MFS BETA CN CA CLM CY CYN CBL M-DOT

S MJ/MFS PBI/PI PB2/PI PB3/PI PBh/PI PB5/PI PB6/PI PC2/PI PC5 PC6

T MJ/MFS PSF _ P-INF Q-INF HO TSTAG

Indep@ndent Variables

ist - MJ%MFS

2nd - ALPHA
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Appendix B

Dataset

Page ist

No. Char.

1-133 R

134-266 S

267-399 T

Tabulated Data

UPWT Test Section 2, Non-Metric

Dependent Variables

MJ/MFS BETA CN CA CLM CY CYN CBL M-DOT

MJ/MFS PBI/PI PB2/PI PB3/PI PBh/PI PB5/PI PB6/PI PC2/PI PC5 PC6

MJ/MFS PSF TFM P-INF Q-Ih_F HO TSTAG

Independent Variables

ist - MJ%_[FS

2nd -ALPHA
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Appendix C

Tabulated Data

UPWT Test Section 2, Metric

Page

No.

i- 48

49- 96

97-144

Dataset

1st

Char. Dependent Variables

MJ/MFS BETA CN CLM CY CYN CBL CYR CY_ CBLR

MJ/MFS PBI/PI PB2/PI PB3/PI PBh/PI PB5/PI PB6/PI PCI/PI PC2/PI PC5C

MJ/MFS M-DOT TI_4 P-INF Q-INF H0 TSTAG

Independent Variables

ist - MJ%_

2rid -ALPHA
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